Long-range cortical functional connectivity is often reduced in autism spectrum disorders (ASD), but the nature of local cortical functional connectivity in ASD has remained elusive. We used magnetoencephalography to measure task-related local functional connectivity, as manifested by coupling between the phase of alpha oscillations and the amplitude of gamma oscillations, in the fusiform face area (FFA) of individuals diagnosed with ASD and typically developing individuals while they viewed neutral faces, emotional faces, and houses. We also measured task-related long-range functional connectivity between the FFA and the rest of the cortex during the same paradigm. In agreement with earlier studies, long-range functional connectivity between the FFA and three distant cortical regions was reduced in the ASD group. However, contrary to the prevailing hypothesis in the field, we found that local functional connectivity within the FFA was also reduced in individuals with ASD when viewing faces. Furthermore, the strength of long-range functional connectivity was directly correlated to the strength of local functional connectivity in both groups; thus, long-range and local connectivity were reduced proportionally in the ASD group. Finally, the magnitude of local functional connectivity correlated with ASD severity, and statistical classification using local and long-range functional connectivity data identified ASD diagnosis with 90% accuracy. These results suggest that failure to entrain neuronal assemblies fully both within and across cortical regions may be characteristic of ASD.
coherence | parvalbumin O scillations in the brain underlie many key cortical functions and coordinate activity between distant brain areas. These rhythmic oscillations are typically studied in distinct frequency bands, often segregated as delta (1-2 Hz), theta (3-7 Hz), alpha (8) (9) (10) (11) (12) , beta (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) , low gamma , and high gamma (>60 Hz). Each frequency band has been associated with specific cognitive and synaptic processes, with some overlaps among bands (1) . Substantial evidence indicates that abnormalities in long-range interregional functional connectivity, usually mediated by theta and alpha oscillations, are common in neurodevelopmental disorders (2), including autism spectrum disorders (ASD) (3) .
The nature of functional connectivity in ASD has been under intense investigation since the publication of a 2004 report showing reduced long-range functional connectivity in ASD (4) . The prevailing hypothesis in the field is that ASD is characterized by reduced long-range functional connectivity and increased local functional connectivity (5) (6) (7) . The hypothesis that local functional connectivity is increased in ASD is motivated primarily by genetic and histological evidence of reduced neuronal inhibition in ASD (8) (9) (10) . Although a large body of functional evidence supports the hypothesis of generally reduced long-range functional connectivity in ASD (11) , neurophysiological signatures of local functional connectivity in ASD have remained elusive, primarily because noninvasive approaches lack the spatial specificity required to isolate local cortical processes reliably. Testing this hypothesis has been further complicated by the fact that the term "local" is often poorly or vaguely defined in the literature, and has been used to refer to anything from cortical minicolumns (8) to entire cortical lobes (12) .
Most studies of local functional connectivity in ASD rely on noninvasive measurements of gamma band synchrony, which is thought to reflect mostly local (up to a few centimeters) cortical processes (13) . Several electroencephalography (EEG) and magnetoencephalography (MEG) studies analyzed gamma power at the level of the sensors while participants were at rest or passively heard auditory stimuli, and these studies found both increased and decreased gamma power in individuals with ASD (14) (15) (16) . These EEG and MEG data were analyzed at the level of the sensors, however, and thus lack spatial specificity because each sensor picks up activity from multiple cortical areas and not necessarily the areas closest to the sensor. It is therefore difficult to assess whether the observed gamma band abnormalities are associated with abnormal local functional connectivity or are, for example, downstream outcomes of earlier or more complex cognitive or sensory processing abnormalities. An alternative is to map data from the EEG or MEG sensors onto the cortex. A series of MEG studies of gamma band responses to simple auditory stimuli (tones and clicks) in ASD used this approach (17) (18) (19) . Two studies found reduced gamma power at 40 Hz (17, 18) , and two found reduced intertrial phase locking in the gamma band (18, 19) . Although the findings of reduced gamma power may suggest reduced local functional connectivity in ASD, gamma power measurements might reflect saccadic activity rather than cognitive cortical processes (20) . This effect is particularly prominent in the temporal lobe (21) , the site of early auditory processing. Because saccades were not monitored in the above studies and ASD individuals have abnormal saccadic activity (22) , it is possible that saccadic artifacts contributed to the observed differences. The other main finding, reduced intertrial phase locking in the gamma band, is difficult to link directly to local functional connectivity and may reflect greater variability in response onset, possibly due to subcortical auditory processing abnormalities (23) . The hypothesis that local functional connectivity is increased in ASD thus remains prevalent in the field (24, 25) .
We sought to measure local functional connectivity using a noninvasive approach that circumvents the limitations and potential confounds associated with using gamma power or phase locking as a proxy for local functional connectivity. We focused on nesting oscillations, in which the phase or amplitude of a lower frequency band modulates the phase or amplitude of a higher frequency band. Nesting of oscillations via phase-amplitude coupling (PAC), where the phase of the lower frequency (usually theta or alpha) modulates the amplitude of the higher frequency (usually beta or gamma), is functionally significant (26) , which makes it relevant for evaluating functional connectivity. Importantly, nesting oscillations are believed to reflect mostly local interactions, where local means that the process is confined to a single functionally defined cortical region and occurs on a spatial scale of roughly a centimeter to a few centimeters.
The local nature of PAC has been demonstrated in both human and animal studies. In the first study of theta to high gamma PAC in humans, Canolty et al. (27) used subdural electrodes to show that high gamma amplitude was coupled with theta phase under a variety of tasks and that the degree of coupling was task-and location-dependent. The pattern of PAC in adjacent electrodes, located only 1 cm apart on the surface of the cortex, varied significantly. In a study of the mechanisms underlying PAC, Wulff et al. (28) generated genetically modified mice in which synaptic inhibition was ablated in parvalbumin-positive interneurons. They found reduced local theta power in the hippocampal region of these freely behaving mice. They also found that local theta phase to gamma amplitude PAC was reduced beyond what could be expected from the reduction in theta power alone. This study focused on local coupling between gamma and rat hippocampal theta, but parvalbumin-expressing interneurons are prevalent throughout the human cortex as well (e.g., refs. 29, 30) . This putative link between parvalbumin-expressing interneurons and local PAC is particularly relevant in the context of ASD; one study found that parvalbumin-expressing interneurons are underdeveloped in ASD (31), and two different mouse models of autism showed reduced prevalence of these interneurons (32, 33) .
PAC is also interesting because it is hypothesized to interact with long-range functional connectivity to integrate information across different spatiotemporal scales of brain networks (34) . Local field potential (LFP) and single unit recordings show that hippocampal theta entrains gamma bursts in multiple locations in the neocortex (35) and that spike timing depends not only on local LFP phase but on distant LFP phases and long-range phase coupling (36) . One corollary of this hypothesis is that reduced lowfrequency (theta or alpha) interregion synchrony should correlate with reduced local PAC. This hypothesis is important for our understanding of the role of oscillations in the cortex in general, and it is particularly relevant for ASD, in which the documented abnormal long-range functional connectivity interactions in the young brain (37) may affect the development and nature of local functional connectivity (38) , and vice versa. To date, however, no studies have demonstrated a direct correlation between the strength of long-range coherence and the strength of local PAC.
Given its local nature and important functional role, PAC offers a unique opportunity to study local functional connectivity noninvasively while also examining interactions between local and long-range functional connectivity. Although there have been several noninvasive studies of PAC in humans (e.g., refs. 39, 40), these studies lack spatial specificity. For this study, we used MEG to examine both local PAC and long-range coherence in cortical space in individuals with ASD and typically developing (TD) individuals. We hypothesized that both long-range coherence and local PAC would be reduced in the ASD group, and we further hypothesized that the magnitude of local PAC would be directly proportional to the magnitude of long-range coherence.
We chose to study local and long-range functional connectivity during face processing, a task that is closely related to the core social deficits of ASD (41) , and in which abnormalities in longrange functional connectivity in ASD have been documented (42, 43) . We recorded MEG data from 17 male adolescents and young adults (aged 14-20 y) with ASD and 20 TD participants while they viewed houses (a nonsocial control stimulus), neutral faces, angry faces, and fearful faces, and we mapped the MEG data from the sensors onto cortical space. We chose to examine task-related rather than resting state functional connectivity because the task activated specific cortical areas and allowed our PAC computations to focus on a well-characterized and functionally delineated cortical region. Our analysis of local functional connectivity focused on PAC within the fusiform face area (FFA), and our analysis of long-range functional connectivity focused on coherence between the FFA and the rest of the cortex.
Results
Evoked Responses. We delineated the FFA functionally for each individual (Fig. 1A) by contrasting the responses to neutral faces and houses (44) at each vertex of the triangulated cortical surface in the fusiform gyrus. As expected, the evoked responses to houses and neutral faces showed a pattern characteristic of the FFA (45) (Fig.  1B) . Responses in the FFA to angry and fearful faces were also indistinguishable within each group of participants (Fig. 1C) , so we combined these trials and hereafter refer to the "emotional faces" condition. Although there were also no significant within-group differences in evoked responses to neutral and emotional faces, we kept the neutral and emotional faces conditions distinct for the more complex analyses of long-range and local functional connectivity. There were no group differences in evoked responses in any of the conditions (houses, neutral faces, angry faces, emotional faces).
Long-Range Functional Connectivity. To determine whether there were long-range functional connectivity abnormalities in the ASD group, we computed event-related coherence between the FFA and the rest of the cortex for each participant for all frequencies between 6 Hz and 55 Hz. For each participant and each vertex, we then normalized coherence in the emotional faces condition by coherence in the houses condition (46) . The resulting normalized coherence value, called Z-Coherence, is a Z-score of the coherence difference between the houses and emotional faces conditions (46) . Statistically significant (P < 0.05 corrected) group differences in Z-Coherence were confined to the alpha frequency band (8) (9) (10) (11) (12) . These group differences emerged in three distinct cortical regions: a cluster of vertices that overlapped with the left precuneus and whose activity peaked at t = 150 ms, a second cluster that overlapped with the left inferior frontal gyrus (IFG) and peaked at t = 260 ms, and a third cluster that overlapped with the left anterior cingulate cortex (ACC) and peaked at (Fig. 2 and Movie S1). For each of these clusters, Z-Coherence was positive in the TD group (greater coherence during emotional faces condition than during houses condition) and negative in the ASD group (lower coherence during emotional faces condition than during houses condition).
These regions align well with prior findings from fMRI studies. Abnormalities in IFG activation and reduced connectivity between the right FFA and the left ACC when viewing neutral faces have been documented in ASD using fMRI (42) . Functional connectivity between the right FFA and the precuneus has been shown to emerge in typical individuals when viewing emotional, but not neutral, faces (47) . Previous studies of functional connectivity in ASD during face processing used neutral faces only, which probably explains why functional connectivity abnormalities between the FFA and the precuneus have not previously been documented in ASD.
PAC in the FFA. We assessed PAC statistically using the Modulation Index (MI), a score representing the degree of coupling between the phase of one time series and the amplitude of another (27) . Specifically, we measured PAC by computing the MI within the FFA for each condition, as well as during the fixation baseline, for each participant.
In both groups, PAC between the alpha band phase and the low gamma band (40-60 Hz) amplitude significantly increased relative to the fixation baseline when viewing houses or faces, as expected, in the visual cortex (48, 49) . When viewing faces (neutral or emotional) rather than houses, the TD group had increased PAC between the alpha band phase and low gamma band amplitude, as well as increased PAC between the alpha band phase and high gamma band (75-110 Hz) amplitude (P < 0.01 corrected), which was not present during the houses condition (Fig. 3A, Upper) . There was a trend in the TD group for stronger PAC between the alpha band phase and high gamma band amplitude while viewing emotional, rather than neutral, faces (P = 0.18 corrected).
The ASD group differed from the TD group in two ways. First, the alpha band phase to low gamma band amplitude PAC, which increased in the TD group when viewing faces, remained unchanged in the ASD group. Second, unlike the TD group, there was no emergence of alpha band phase to high gamma band amplitude PAC when viewing faces (Fig. 3A, Lower) . There were no significant differences between the groups when viewing houses (P = 0.11 corrected) or during fixation. There was no significant group difference in the FFA in either alpha or gamma power in any of the conditions. Group differences in PAC were thus not driven by power differences. As expected (50), group differences in PAC were also not driven by group differences in intertrial coherence (Fig. S1B) .
Analogous to our Z-Coherence measure, we derived a Z-PAC, defined as PAC during the emotional faces condition normalized by PAC during the houses condition. Z-PAC was significantly lower (P < 0.03 corrected) in the ASD group, confirming that PAC between the alpha phase and both low and high gamma amplitudes was significantly reduced in the ASD group relative to the TD group when viewing faces (Fig. 3B) .
To verify that our results were confined to the FFA, we conducted a whole-cortex analysis of alpha (8-12 Hz) to high gamma (75-110 Hz) PAC, the frequencies with maximum group differences in PAC in the FFA. This analysis confirmed that the increased PAC was confined to a small area that overlaps with the mean FFA and that only the TD group showed significantly increased PAC in the emotional faces condition relative to the houses condition (Fig. 3C and Figs. S2 and S3 ). Although outside of the scope of the present study, we also found evidence of increased PAC for houses over faces in the left hemisphere near the occipital pole in the TD group and bilaterally at the occipital pole in the ASD group. This observation may arise from differences between the groups in processing basic visual features of the stimuli, such as spatial frequencies (51) .
Correlation Between Local and Long-Range Functional Connectivity.
The strength of local cross-frequency coupling within the FFA (Z-PAC) was correlated with the strength of long-range coherence (Z-Coherence) between the FFA and each of the three cortical regions in which we found significant group differences: the precuneus, IFG, and ACC. This correlation between local and long-range functional connectivity measures was significant within each group (Fig. S4 ) and stronger when data from the two groups were combined (Fig. 4) .
Correlations Between Functional Connectivity Measures and Behavioral Measures.
To uncover the association between these functional connectivity measures and the ASD phenotype, we first investigated whether they were linked to ASD severity. In the ASD participants, lower Z-PAC values indeed correlated with more severe scores on the social component of the Autism Diagnostic Observation Schedule (ADOS) (Fig. 5A) , a behavioral assessment that quantifies the severity of ASD and captures the social impairments of the disorder. We did not find any correlation between ADOS scores and Z-Coherence values.
To determine whether our functional connectivity measures could be used blindly to identify which participants carried an ASD diagnosis, we applied a standard statistical classification procedure, quadratic discriminant analysis (QDA) (52) . Our four functional connectivity metrics, Z-PAC (alpha to high gamma) and the three Z-coherence values (for the precuneus, IFG, and ACC), yielded classifier results of 87% sensitivity, 95% specificity, and 90% accuracy for identifying ASD diagnosis (Fig. 5B and Movie S2). We also evaluated the performance of the QDA classifier using subsets of the measures and compared it with a linear discriminant analysis (LDA) classifier. We found that optimal classifier performance required both Z-Coherence and Z-PAC measures and that QDA and LDA performed similarly (Fig. S5) .
Discussion
It is well documented that entrainment of neuronal assemblies via long-range coherence is reduced in ASD, and our findings provide further confirmation of this association. Although it is generally believed that local functional connectivity is increased in ASD (5, 24, 25), we found that local functional connectivity was reduced, rather than increased, in ASD. More specifically, our results indicate that local PAC-based functional connectivity in individuals with ASD is identical to that in TD individuals in the absence of a region-specific task. Individuals with ASD failed, however, to increase PAC-mediated local functional connectivity during a more specialized face-viewing task that elicited strong PAC in the FFA in TD individuals.
Although reduced local functional connectivity has not been directly documented in ASD before this study, our results are consistent with a behavioral tactile study that suggested reduced local functional connectivity in the somatosensory cortex of individuals with ASD (53) . Furthermore, a recent structural study found evidence of strongly compromised local structural connectivity in ASD in multiple brain regions (54) , which is also consistent with our findings. As mentioned in the introduction, findings of reduced gamma power (17, 18) or phase locking (18, 19) , despite potential confounds, also indirectly suggest possible reduced local functional connectivity in ASD. The combination of our current findings, relying on direct measurements of local functional connectivity as mediated by PAC, and these prior studies, which indirectly relate to local functional connectivity using a variety of approaches, suggests that reduced local functional connectivity is likely a prevalent and defining feature of ASD.
Our data are also compatible with histological findings suggesting abnormal and reduced neuronal inhibition in ASD (8) (9) (10) . Local functional connectivity mediated via PAC or gamma oscillations relies heavily on local inhibitory processes (13, 28) . An increased local excitation-to-local inhibition ratio (6) would therefore likely lead to reduced functionally significant local interactions, such as PAC. Our results thus support the hypothesis of reduced local inhibition in ASD. Note that although we see no evidence of increased local excitation in ASD, it is possible that nonfunctionally significant local excitatory interactions are increased in ASD. Because such nonfunctionally significant excitatory interactions would not be synchronized and would not vary with task demands, however, they would be extremely difficult to assess using noninvasive methods.
We found significant group differences in alpha-gamma PAC in the absence of any significant differences in either alpha power or gamma power within the FFA. This result suggests that the precise timing of gamma bursts, rather than the amount of gamma generated, is abnormal in ASD, at least in this tested scenario. Normal gamma power findings in some ASD studies (16, 19) therefore do not necessarily mean that gamma-mediated local functional connectivity is intact in ASD, because our results show that PACmediated local functional connectivity can be reduced even when total power remains the same.
We also found that the normalized strength of local functional connectivity in the FFA, as measured by Z-PAC, was correlated with the normalized strength of long-range functional connectivity between the FFA and three distant cortical regions, measured using Z-Coherence. The absolute nonnormalized PAC and coherence values were not similarly correlated. The correlation between these two spatial scales of functional connectivity suggests that it is unlikely one spatial scale of oscillation-mediated functional interaction would be disrupted while the other remains intact. In other words, abnormalities in long-range cortical functional connectivity likely imply similar abnormalities in local PACmediated functional connectivity, and vice versa. Such interactions are probably important in any psychiatric or developmental disorder in which functional connectivity is disrupted, including ASD. (Fig. 2) between the FFA and the precuneus (A), the ACC (B), and the IFG (C) plotted against the Z-PAC value in the FFA ( Fig. 3B ; alpha phase to high gamma amplitude). The shaded area delineates the SE, and the dashed lines encompass 99% of the confidence interval for correlation. Boxes mark the two participants shown in Fig. S1A .
To date, ASD remains a behaviorally diagnosed disorder despite its clearly biological etiology. We found that ASD severity as measured on the ADOS social subtest was highly correlated with the strength of PAC in the FFA. The ADOS is ASD-specific; thus, this result suggests that reduced PAC, at least during face processing, is likely to be specific to ASD. Furthermore, the combination of local PAC and long-range functional connectivity measures blindly identified participants with ASD with 90% accuracy. These links between our neurophysiological measures and the ASD phenotype suggest that these measures are significant for the etiology of ASD.
In summary, we found that both local functional connectivity indicated by PAC between alpha and gamma bands and longrange functional connectivity quantified by alpha band coherence are reduced in ASD. We also found that these neurophysiological measures are correlated with ASD severity and diagnosis. The magnitudes of local PAC and long-range coherence were directly correlated in both individuals with ASD and TD individuals. Although further studies will be needed to ascertain whether similar abnormalities are present in other cortical areas as well, our results suggest that failure to entrain functionally connected neuronal populations, both local and long range, is characteristic of ASD.
Materials and Methods
Additional details on the materials and methods used in this study are provided in SI Materials and Methods.
Participants, Experimental Paradigm, and Data Acquisition. The participants were 17 adolescent and young adult males diagnosed with ASD and 20 agematched TD males (SI Materials and Methods). Informed consent was obtained from all participants. The paradigm presented in the MEG consisted of pictures of houses as well as neutral, fearful, and angry faces (Fig. S6) presented in a randomized block design for 1 s, followed by fixation for 1 s. T1-weighted, highresolution, magnetization-prepared rapid gradient echo structural images were acquired on a 3.0-T Siemens Trio whole-body magnetic resonance scanner (Siemens Medical Systems) using a 32-channel head coil. MEG data were acquired inside a magnetically shielded room (IMEDCO) using a whole-head Elekta Neuromag VectorView system composed of 306 sensors arranged in 102 triplets of two orthogonal planar gradiometers and one magnetometer. All protocols were approved by the Massachusetts General Hospital (MEG) and Massachusetts Institute of Technology (MRI, behavioral testing) and Boston University (behavioral testing, clinical observation) Institutional Review Boards.
Data Cleaning and Motion Correction. The data were spatially filtered using the signal space separation (SSS) method (55, 56) (Maxfilter software; Elekta Neuromag) to suppress noise generated by sources outside the brain. This SSS procedure also corrects for participants' head motion between runs as well as within each run. The data were epoched into single trials lasting 2 s, extending from 800 ms before stimulus onset to 1,200 ms following it. A total of 48 trials were collected for each of the four conditions. Epochs were rejected if the peak-to-peak amplitude during the epoch exceeded 150 μV, 1,000 fT, and 3,000 fT/cm in any of the electrooculogram, magnetometer, and gradiometer channels, respectively. This resulted in the loss of 2-8 trials per participant in each condition. To maintain a constant signal-to-noise ratio across conditions and participants, we fixed the number of trials per condition per participant at 40, the minimum number of accepted trials that we had for each condition and participant. For conditions and participants that had more than 40 good trials, we selected the 40 trials randomly. There were no group differences in overall quality of the data, and the number of good (unrejected) trials per condition was not significantly different between groups or across conditions. For each participant, the same set of trials was used for all analyses (delineation of FFA, coherence, and PAC). The MEG data were mapped from the sensors onto a high-resolution cortical surface generated by FreeSurfer (57), using minimum-norm estimate (58) as detailed in SI Materials and Methods.
Data Analysis. The FFA was delineated on each individual cortical surface by identifying the vertices within the anatomically defined frontal gyrus that responded more strongly to neutral faces than to houses by contrasting between the two conditions (P < 0.05 corrected; Fig. S7 ). Coherence between the FFA and the rest of the cortex was computed by first averaging the time course across all vertices within the FFA and then computing the eventrelated coherence (59, 60) between the average FFA time course and each of the other vertices on the cortex, for every frequency between 6 Hz and 55 Hz, using a moving time window of seven cycles per frequency. Using eventrelated coherence ensured that the induced response did not contribute significantly to the observed coherence differences (Fig. S8) . PAC in the FFA was computed using the MI (27) between the frequencies of 7 Hz and 13 Hz for phase and between those of 40 Hz and 130 Hz for amplitude. Global PAC was computed using the same approach between the frequencies of 8 Hz and 12 Hz for phase and between those of 75 Hz and 110 Hz for amplitude. For all analyses, computations were first carried out on single trials and then averaged for each participant and condition.
Statistical Analyses. Cluster-based statistics is a nonparametric, permutationbased method (46, 61) that inherently corrects for multiple comparisons. We used cluster-based statistics with 1,000 permutations for each of our analyses. The test statistics were t tests for the FFA, Z-Coherence (Fig. 2 and Fig. S9) , and Z-PAC (Fig. 3 and Fig. S10 ) comparisons. We used the Wilcoxon rank-sum test for MI comparisons (comparisons across both panels of Fig. 3B ) because the MI is always positive, and the values were thus not normally distributed. Finally, for statistical computations on the cortex (FFA and Z-Coherence), we computed the connectivity matrix across the vertices using BrainStorm (62). 
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